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Abstract Motor-evoked potentials (MEPs) vary in size
from one stimulus to the next. The objective of this study
was to determine the cause and source of trial-to-trial MEP
size variability. In two experiments involving 10 and 14
subjects, the variability of MEPs to cortical stimulation
(cortical-MEPs) in abductor digiti minimi (ADM) and
abductor hallucis (AH) was compared to those responses
obtained using the triple stimulation technique (cortical-
TST). The TST eliminates the eVects of motor neuron
(MN) response desynchronization and of repetitive MN
discharges. Submaximal stimuli were used in both tech-
niques. In six subjects, cortical-MEP variability was com-
pared to that of brainstem-MEP and brainstem-TST.
Variability was greater for MEPs than that for TST
responses, by approximately one-third. The variability was
the same for cortical- and brainstem-MEPs and was similar
in ADM and AH. Variability concerned at least 10–15% of
the MN pool innervating the target muscle. With the stimu-
lation parameters used, repetitive MN discharges did not
inXuence variability. For submaximal stimuli, approxi-
mately two-third of the observed MEP size variability is
caused by the variable number of recruited alpha-MNs and
approximately one-third by changing synchronization of
MN discharges. The source of variability is most likely
localized at the spinal segmental level.
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Introduction
Transcranial magnetic stimulation (TMS) induces muscle
responses termed motor-evoked potentials (MEPs). A char-
acteristic of MEPs is that their size and shape varies from
one stimulus to the next, even if the stimulus parameters are
kept constant (Kiers et al. 1993; Woodforth et al. 1996; Ell-
away et al. 1998). A number of mechanisms may account
for this variability, including:
1. changes of excitability of the target cortical or anterior
horn motor neurons (MNs), resulting in the activation
of a variable number of spinal MNs;
2. variation of the synchronization of the MN discharges,
causing varying phase cancellation;
3. varying occurrence of repetitive alpha-MN discharges
(repMNDs) in response to the brain stimuli.
The triple stimulation technique (TST) eliminates the inXu-
ence of the spinal MN discharge desynchronization and of
the repMNDs by means of a collision technique (Magistris
et al. 1998). Using this technique we showed that in healthy
subjects, nearly 100% of spinal MNs innervating a small
hand (Magistris et al. 1998) or an intrinsic foot muscle
(Bühler et al. 2001) could be brought to discharge by TMS.
At the same time, the variability of size of the resynchro-
nized responses was remarkably small, thus emphasizing
the possible inXuence of changes of MN discharge synchro-
nization and of repMNDs on the MEP size variability.
In our previous experiments, we studied maximal
responses, where virtually 100% of MNs were activated. In
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52 Exp Brain Res (2008) 187:51–59such a setting, the variability of the responses may be
reduced by a “saturation” or “ceiling” eVect, i.e., if the
stimulation strength is well above the threshold of all
involved MNs, the variability will be low. In the present
study, we investigated the variability of responses elicited
by submaximal TMS. We compared the variability of con-
ventional MEPs with that of TST responses (obtained with
identical stimulation parameters) to sort out the eVects of
varying MN discharge desynchronization and repMNDs
(avoided by the TST) versus that of changing numbers of
excited MNs. In addition, to locate the source of variability,
we performed stimulation at the level of the brainstem, by
using the method described by Ugawa et al. (1994) (brain-




Two sets of experiments were performed. In Experiment I,
10 healthy subjects were examined, 3 women and 7 men,
aged 20–43 years. In Experiment II, 14 diVerent healthy sub-
jects were studied, 10 women and 4 men, aged 22–26 years.
None of them had a history of neurological disorder,
implanted metallic material in the eye or brain, or a cardiac
pacemaker. The study was approved by the local ethics com-
mittee, and informed consent was obtained from all subjects.
Electrophysiological and mechanical recordings
Compound muscle action potentials (CMAPs) were
recorded from the abductor digiti minimi (ADM) or the
abductor hallucis muscle (AH) using the muscle-belly ten-
don technique with surface electrodes (diameter 0.8 cm). A
ground electrode was taped to the dorsum of the hand or
over the heel. A Viking Select EMG apparatus was used for
the recordings (Viasys Biomedical, Madison, WI, US.).
Bandpass Wltering was 2 Hz–10 kHz. We used the software
package “emgepview32” (A. Broutian, http://www.brou-
tian.dol.ru) to digitally extract and analyze the curve signals
from the Viking apparatus (the curves depicted in Fig. 2
were obtained using this program). For ADM recordings,
the subjects sat on a chair with their left forearm and hand
fastened with Velcro straps on a platform in front of them.
To determine the force of voluntary muscle contraction, the
Wfth Wnger was attached to a force transducer (Sensotec,
Inc., OH, USA). The force signal was ampliWed using a
Sedia DC ampliWer (Sedia, Givisiez, Switzerland), and dig-
itized by a MacLab stand-alone AD-converter (ADInstru-
ments Pty Ltd., Castle Hill, NSW, Australia). It was then
presented on a digital oscilloscope in front of the subject to
allow for a visual feedback (Arányi et al. 1998). The maxi-
mal voluntary contraction force (MVC) was measured, and
the target force levels (either 5 or 20% of MVC, see subse-
quent section) were indicated as goals marked on the oscil-
loscope screen.
In Experiment II, recordings from ADM and AH were
obtained. These recordings were always done during mus-
cle relaxation, so that force recordings were not necessary.
For AH measurements, subjects lay prone with the feet
comfortably placed on a round cushion (Bühler et al. 2001).
ADM recordings were conducted as in Experiment I, with
the exception of force measurements.
Magnetic stimulation
Transcranial magnetic stimulation was performed using a
Magstim 200 stimulator (Magstim Company Ltd., Spring-
Gardens, Whitland, UK). For cortical stimulation of the left
ADM, a 90 mm circular coil was centered over the vertex or
slightly lateral toward the stimulated right hemisphere.
Face ‘B’ was up. For cortical stimulation of the AH, a dou-
ble cone Wgure-of-8 coil was used, with the center of the
“8” overlying the vertex. Slight coil displacements were
made in all directions until the position yielding the lowest
threshold was found. The optimal position was marked on
the scalp, and the coil was then kept in the same position
throughout the experiment. The resting threshold was deter-
mined as the stimulation intensity in percent of maximum
stimulator output that yielded a discernible response of the
relaxed target muscle in 50% of 8 or 10 trials at an ampliW-
cation of 100 V/division (Rothwell et al. 1999). For brain-
stem stimulation of ADM, a double cone coil was used in a
position as described by Ugawa et al. (1994). In most sub-
jects, the threshold to elicit a brainstem-evoked response
was near 100% of the stimulator output. Brainstem stimula-
tion of AH was not performed.
Triple stimulation technique
The TST has previously been described in detail (Magistris
et al. 1998, 1999; Bühler et al. 2001). In short, it consists of
a succession of three stimuli. For recordings from ADM,
the following stimuli are given: (1) the transcranial mag-
netic brain stimulus, (2) a maximal stimulus to the ulnar
nerve at the wrist, and (3) a maximal stimulus to the bra-
chial plexus at Erb’s point (Magistris et al. 1998). To
account for the possible volume conduction by the median
nerve (which may be co-stimulated by the Erb stimulus),
we stimulated both, ulnar and median nerve at the wrist (for
a detailed discussion of volume conduction in the TST, see
Humm et al. 2004). For recordings from AH, the stimuli
are: (1) the transcranial magnetic brain stimulus, (2) a
maximal stimulus to the tibial nerve at the ankle, and (3) a123
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teal fold, applied through a needle placed close to the nerve
(Bühler et al. 2001; Yap and Hirota 1967). For brainstem-
TST, the cortical stimulus was replaced by a brainstem
stimulus (Ugawa et al. 1994). The stimuli were appropri-
ately timed to yield a TSTtest curve. Delay I (between stim-
uli 1 and 2) was calculated by subtracting the latencies of
the wrist stimulus from that of the brain stimulus and
rounded down to the nearest millisecond. Delay II (between
stimuli 2 and 3) was calculated by subtracting the latency of
the Erb stimulus minus that of the wrist stimulus and
rounded down to the nearest millisecond. The events occur-
ring as a result of the TST are depicted in Fig. 1. The corti-
cal-TSTtest curve or brainstem-TSTtest curve was compared
to a TSTcontrol curve, obtained by three successive stimuli
given at (1) the Erb’s point, (2) the ulnar nerve at the wrist,
and (3) the Erb’s point, or at (1) the sciatic nerve at the glu-
teal fold, (2) the tibial nerve at the ankle, and (3) the sciatic
nerve at the gluteal fold (Fig. 1). The amplitude ratio of
TSTtest:TSTcontrol (termed TST amplitude ratio) reXects the
proportion of spinal MNs innervating the target muscle
brought to discharge by the TMS (Magistris et al. 1998).
Experimental protocol
Experiment I
The individual resting threshold and the optimal coil posi-
tion for cortical-TMS were determined. The resting thresh-
old stimulation strength was used for all subsequent brain
stimuli. The individual TST delays were determined by
peripheral stimulation of the ulnar nerve at the wrist and at
Erb’s point. MVC force of little Wnger abduction was deter-
mined in three trials. Amplitude and area of the CMAP
evoked by maximal Erb stimulation (CMAPErb) were deter-
mined during voluntary contractions of 5 and 20% of
MVC. Then, 24 MEPs and 24 TSTtest responses were sam-
pled during voluntary contractions of 5 and 20% of MVC.
The TSTtest sampling was preceded and followed by record-
ing of a TSTcontrol curve at 5 or 20% of MVC. Finally, eight
Fig. 1 Triple stimulation technique (TST) principle, recording from
abductor digiti minimi (ADM). The motor tract is simpliWed to four
spinal motor neurons (MNs); horizontal lines represent the muscle
Wbers of the four motor units of ADM. Open arrows indicate action
potentials (APs) that are not recorded in the resulting trace and solid
arrows contribute to the recorded trace. In this example, a submaximal
transcranial stimulus excites three out of four spinal MNs (large open
arrows). Desynchronization of the three APs has occurred. A1 Trans-
cranial stimulation excites three out of four MNs; (A2) after a delay, a
maximal stimulus is given to the ulnar nerve at the wrist (W) and
evokes a Wrst negative deXection of the recording trace. The antidromic
APs collide with the descending APs on MNs 1–3, but continues to as-
cend on MN 4. A3 After a second delay, a maximal stimulus is given
at Erb’s point. On MN 4, the descending AP collides with the ascend-
ing AP. A4 A synchronized response from the three MNs that were ini-
tially excited by the transcranial stimulus is recorded as the second
deXection of the TSTtest trace. The TSTcontrol curve is obtained with the
following stimuli: (B1) A maximal stimulus is given at Erb’s point;
(B2) after a delay, a maximal stimulus applied to the ulnar nerve at the
wrist (W) evokes the Wrst deXection of the TSTcontrol trace; (B3) after a
delay a maximal stimulus is given at Erb’s point; (B4) a synchronized
response from the four MNs is recorded as the second deXection of the
TSTcontrol trace. The TST amplitude ratio is measured as depicted in the
Wgure. It corresponds to the proportion of MNs that were driven to dis-
charge by the TMS123
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responses were sampled; both using identical stimulation
intensities of 80–100% of the maximal stimulator output
and a background contraction of 20% of MVC.
Experiment II
Recordings from ADM and AH were obtained in each sub-
ject. The target muscles were relaxed during stimulations.
First, ADM was examined, followed by examination of
AH. We attempted to use a stimulation intensity that
brought 50% of the target MN pool to discharge (i.e., yield-
ing a TST amplitude ratio of 50%). Once the appropriate
stimulation strength was deWned, 12 TST recordings and 12
MEP recordings were performed in a random sequence.
Statistical methods
The variability of responses was calculated from 12 consec-
utive stimuli for all brain stimulation studies and from 8
consecutive stimuli for the brainstem stimulation studies.
Calculation from 12 responses was judged to be suYcient,
because results calculated for 24 stimuli in Experiment I
were virtually identical to those calculated from 12 stimuli,
and results of the Wrst 12 stimuli were identical to those of
the second 12 stimuli. Two parameters were used as mea-
sures of variability, namely the coeYcient of variation (CV)
and the mean consecutive diVerence (MCD), as suggested
by Kiers et al. (1993). The CV is the standard deviation
divided by the mean. The MCD is the mean of diVerences
between subsequent stimuli. To allow a comparison
between MCD of MEP and TST responses, the MCD was
normalized to the average size of the responses.
The TSTtest:TSTcontrol ratio measures the proportion of
spinal MNs brought to discharge by TMS (Magistris et al.
1998). By analogy, we calculated the proportion of spinal
MNs subject to variability (i.e., MNs that did or did not dis-
charge) during successive stimuli of a given stimulus
modality. This was done by normalizing the MCD of TST
responses to TSTcontrol (TSTMCD:TSTcontrol).
Nonparametric tests were used to test the diVerences




In both experiments, there was a great variability in the
average MEP and TST response size between subjects,
despite the standardized stimulation parameters (stimula-
tion at the individually determined resting threshold inten-
sity, monitored background contraction; or stimulation of
50% of the MN pool). Despite these inter-individual diVer-
ences in response size, the TST responses were larger than
the MEP responses obtained under equal stimulation condi-
tions (Table 1). The mean MEP:TST ratio was 71 and 75%
in Experiment I, where responses were facilitated by a
background contraction of the target ADM. This ratio is in
good agreement with the previously published data (Magis-
tris et al. 1998, 1999; Rösler et al. 2000). In Experiment II,
we attempted to obtain similar-sized responses from all
subjects and stimulated with a stimulation intensity yield-
ing a TST amplitude ratio of roughly 50% in each subject
with relaxed target muscle. This response required much
higher stimulation intensities (Table 1). It was not always
possible to reach 50% TST amplitude ratio in the relaxed
muscle, because 100% stimulator output was not always
suYcient. On average, however, the TST amplitude ratio
reached the goal of 50% (Table 1).
In Experiment II, the MEP:TST ratio was 38% in both
muscles (Table 1). The smaller ratio is probably explained
by the fact that stimulations were done with the relaxed tar-
get muscles.
All subjects judged brainstem stimulation as rather
unpleasant. The threshold for brainstem stimulation was
always much higher than that for cortical stimulation, such
that responses at 20% MVC were never obtained with stim-
ulator intensities below 80%. In three subjects, brainstem
stimulation did not yield any responses despite use of max-
imal stimuli, and one subject did not give his consent to this
procedure. The average response size in the remaining six
subjects was in a similar range than that with cortical stimu-
lation at 5% MVC (Table 1). DiVerences between brain-
stem-TST response size and brainstem-MEP size were not
as great as with cortical stimulation (Table 1), and in two
out of six subjects, brainstem-MEPs were even larger than
brainstem-TST responses, probably explained by an eVect
of response variability during the sampling of responses.
Relative MEP versus TST variability
Both MEP and TST responses varied in size from one stim-
ulus to the next (Fig. 2). To compare the variability
between MEPs and TST, two measures of the relative vari-
ability of responses, the CV and the normalized MCD, were
used. In all experiments, these parameters correlated well
with one another (linear regression r2 between 0.71 and
0.94; all P < 0.0003). Variability diVered considerably
between individuals. The average relative variability of
MEP responses was larger than that of TST responses in all
stimulation paradigms (Tables 2, 3). The diVerence in vari-
ability of MEP versus TST was around one-third, which is
smaller than that anticipated from previous studies and did
not reach statistical signiWcance in the leg muscle (Table 3)123
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ment I (Table 2).
In Experiment I, variability was somewhat larger for the
responses elicited during background contractions of 5%
MVC than that of 20% background contraction (Table 2).
Response variability in Experiment II (no background con-
traction) was, on average, smaller than that in Experiment I.
Variability in AH tended to be smaller than that in ADM,
but this diVerence did not reach statistical signiWcance due
to the great inter-individual diVerences.
Relative variability of brainstem versus cortical stimulation 
responses
The CV and normalized MCD of brainstem stimulation
responses were not statistically diVerent than those of corti-
cal stimulation (Table 2).
Absolute response variability
Using the TST, the percentage of MNs of the MN pool
varying from stimulus to stimulus could be quantiWed by
the ratio of TSTMCD:TSTcontrol which was between 10 and
15% with our stimulation paradigms (Tables 2, 3). Thus,
10–15% of the MN pool supplying the target muscle was
subject to stimulus-to-stimulus variability. This ratio proba-
bly underestimates the proportion of the MN pool that may
or may not discharge, because the trial-to-trial diVerence
between two stimuli does not include all MNs that may or
may not discharge after a given stimulus (i.e., the pool of
MNs not responding is greater than 10–15%). Our data thus
suggest that at least 10–15% of the entire MN pool of the
target muscles was very close to threshold (“fringe MNs”),
and that this proportion was largely independent of the
stimulation intensity, of the size of the response, and of the
site of stimulation (i.e., whether following cortical or brain-
stem stimulation). Our data also did not demonstrate a
diVerence between ADM and AH in this respect.
Discussion
Muscle responses to TMS vary in size from one stimulus to
the next. In this study, we analyzed the diVerential eVects of
Table 1 Stimulation intensity 
and response size in the two 
experiments comparing MEP 
and TST variability
Response size Range Stimulus intensity Range
Experiment I
ADM 5% background contraction (n = 10 subjects)
MEP (mV) 2.7 § 1.3 [0.9–4.8] 44 § 6% [35–55%]
TST (mV) 3.8 § 1.4 [1.3–6.1]
TST amplitude ratio 47 § 17% [19–69%]
MEP/TST ratio 71 § 22% [29–112%]
ADM 20% background contraction (n = 10 subjects)
MEP (mV) 4.2 § 1.0 [2.9–5.5] 44 § 6% [35–55%]
TST (mV) 5.7 § 1.6 [3.8–8.4]
TST amplitude ratio 73 § 18% [43–91%]
MEP / TST ratio 75 § 6% [65–87%]
ADM 20% background contraction—brainstem stimulation (n = 6 subjects)
MEP (mV) 2.5 § 0.8 [1.5–3.5] 97 § 8% [80–100%]
TST (mV) 2.9 § 0.7 [1.7–3.8]
TST amplitude ratio 39 § 7% [29–45%]
MEP / TST ratio 89 § 18% [71–119%]
Experiment II
ADM 0% background contraction (n = 14 subjects)
MEP (mV) 1.8 § 0.9 [0.8–3.8] 75 § 22% [50–100%]
TST (mV) 4.8 § 1.7 [2.4–9.4]
TST amplitude ratio 51 § 10% [36 –71%]
MEP/TST ratio 38 § 18% [17–72%]
AH 0% background contraction (n = 14 subjects)
MEP (mV) 1.7 § 1.0 [0.4–4.3] 81 § 16% [50–100%]
TST (mV) 4.8 § 2.0 [1.9–7.9]
TST amplitude ratio 49 § 19% [22–77%]
MEP/TST ratio 38 § 19% [12–78%]
Given are inter-individual 
averages § standard deviation 
and [range] 
ADM m. abductor digiti minimi, 
AH m. abductor hallucis123
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ity, namely the variation of the number of motor units
responding to a given stimulus, the variation of the syn-
chronization of the TMS induced MN discharges, and the
variation of repMNDs. MN discharge desynchronization
and repMNDs have previously been shown to markedly
inXuence the size of MEPs (Magistris et al. 1998). For our
analysis, we compared conventional MEPs (i.e., responses
composed of desynchronized motor unit discharges and
repMNDs) with TST responses (i.e., “resynchronized”
TMS responses without repMNDs), obtained using identi-
cal stimulation modalities. We found that MEP size vari-
Fig. 2 Complete recordings in 
one subject, Experiment I. To 
demonstrate the amplitude vari-
ability, only the main deXections 
of the traces are shown. This 
reduction eliminates the Wrst 
deXection of the TST curves. 
Variability was calculated from 
the Wrst subsequent 12 respons-
es; 24 responses are shown. The 
muscle response to Erb stimula-
tion (CMAPErb) and the TSTcon-
trol curve are given on the left to 
allow appreciation of the relative 
size of the MEP and TST re-
sponses
Table 2 Experiment I: response variability of MEP and TST amplitudes in M. abductor digiti minimi
Variability parameters are given in relation to two diVerent degrees of precontraction (5 and 20% of maximal voluntary contraction), and for cor-
tical versus brainstem stimulation. Cortical stimulation with resting threshold stimulation intensity, brainstem stimulation intensity between 80 and
100% of maximal stimulator output. CoeYcient of variation and mean consecutive diVerence (MCD) are calculated from 12 consecutive responses
(brainstem: 8 consecutive responses). Given are means and SD of 10 subjects (brainstem: 6 subjects)





Parameter MEP TST Wilcoxon P
Cortex 5% MVC Response amplitude [mV] 2.67 § 1.29 3.75 § 1.44 P = 0.007
CoeYcient of variation [%] 40.5 § 21.5% 32.2 § 21.5% NS
MCD in % of response amplitude [%] 42.2 § 17.0% 37.0 § 20.8% NS
MCD in % of TSTcontrol 15.3 § 6.7% *
Cortex 20% MVC Response amplitude [mV] 4.23 § 1.03 5.71 § 1.62 P = 0.005
CoeYcient of variation [%] 22.7 § 9.7% 13.4 § 6.2% P = 0.02
MCD in % of response amplitude [%] 22.8 § 9.6% 14.7 § 7.0% P = 0.04
MCD in % of TSTcontrol 10.0 § 4.0%*
Brainstem 20% MVC Response amplitude [mV] 2.55 § 0.78 2.85 § 0.69 P = 0.03
CoeYcient of variation [%] 38.3 § 9.4% 37.1 § 5.3% P = 0.03
MCD in % of response amplitude [%] 48.9 § 11.1% 43.2 § 11.1% P = 0.03
MCD in % of TSTcontrol 16.2 § 3.1%123
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one-third (Tables 2, 3). It is unlikely that repMNDs inXu-
enced variability in the present set of experiments (see
below). Thus, one-third of the variability of the MEP size
was caused by variation of synchronization and two-thirds
by variation of the number of activated motor units.
The present study extends the Wndings of Magistris and
coworkers (1998) on the variability of TST responses. In a
small variability study of MEP and TST responses in ADM
of Wve subjects, these authors reported a CV of 8.1% for
MEP amplitudes and of 2.6% for TST amplitudes. From
their data, a TSTCV:TSTcontrol of 2.7% can be calculated;
hence the TSTMCD:TSTcontrol was probably some 3% (MCD
was not given in that study and the original data were not
available; however, MCD is somewhat larger than the CV,
see Tables 1, 2, 3). Therefore, the absolute response vari-
ability measured by Magistris and coworkers was consider-
ably lower than the 10–15% found here (see Tables 1, 2, 3).
As mentioned in the Introduction, this is probably caused
by a “ceiling” or “saturation” eVect. Magistris et al.
attempted and succeeded to stimulate the entire MN pool of
the target muscle by using high stimulation intensities and
ample facilitation maneuvers (i.e., “maximal” or “supra-
maximal” stimulation). The average stimulation intensity in
their Wve subjects was 76% and facilitation by target mus-
cle background contraction was used in all subjects,
whereas in the present study, the stimulation intensity was
44% in the trials using facilitation, or 75% in the trials
without facilitation (Table 1). The average TST amplitude
ratio obtained in their Wve subjects was 97.2%, thus repre-
senting the response of virtually all MNs in that study. In
the present study, the average TST amplitude ratios were
between 39 and 73% (Table 1), thus “submaximal”. If the
TMS stimulation intensity is well above the threshold of all
involved MNs (or if facilitation maneuvers lower the
threshold of all MNs), a saturation eVect occurs, and vari-
ability is low. On the other hand, MEPs are probably less
aVected by this eVect, because variability of discharge syn-
chronization still occurs with maximal stimuli, causing
MEPs to vary even when all MNs are brought to discharge
by the stimulus. This explains the much larger diVerence
between MEP and TST variability in the study of Magistris
et al. compared with the present study. It is noteworthy that
the relative measures of MEP variability (i.e., the CV) can-
not directly be compared in the two studies, because it
depends on the response size, which diVers between the
studies.
In the present study, we attempted to minimize methodo-
logical factors inXuencing response variability. A possible
source of MEP variability is the inXuence of varying
degrees of target muscle relaxation or background contrac-
tion (Hess et al. 1986; Kischka et al. 1993). Therefore, we
standardized the degree of voluntary background contrac-
tion to 0, 5, and 20% of the individual maximal voluntary
force, by measuring the force of little Wnger abduction dur-
ing TMS. It is thus unlikely that varying degrees of facilita-
tion by voluntary muscle contraction inXuenced our results.
Moreover, particular care was taken to keep the position of
the stimulating coil constant, by marking the coil position
on the head of the subjects and readjusting the coil position
following every stimulus. This was judged superior to a
coil Wxation device, because the Erb stimulations involved
in the TST may lead to head movements by activation of
neck muscles. Nevertheless, small variations in coil posi-
tioning might have occurred, theoretically contributing to
the response variability. This factor is probably small, and
previous studies have shown that the contribution of vary-
ing the coil position cannot account for the observed MEP
variability (Ellaway et al. 1998; Gugino et al. 2001). For
responses to cortical stimulation, the response variability
measured in the present study is thus likely to be a result of
an intrinsic mechanism inherent to TMS of the corticospi-
nal pathway. In contrast to cortical stimulation, we found it
more diYcult to maintain a constant coil position for brain-
Table 3 Experiment II: response variability of MEP and TST amplitudes in two muscles
Relaxed target muscles stimulation intensity such as to yield a TST amplitude ratio of 50%. CoeYcient of variation and mean consecutive diVer-
ence (MCD) are calculated from 12 consecutive responses. Given are means and SD of 14 subjects
* No statistically signiWcant diVerence between ADM and AH (Wilcoxon)
Muscle Parameter MEP TST Wilcoxon P
ADM Response amplitude [mV] 1.77 § 0.90 4.84 § 1.66 P = 0.001
CoeYcient of Variation [%] 35.1 § 18.0% 24.2 § 10.6% P = 0.02
MCD in % of response amplitude [%] 39.0 § 21.8% 26.3 § 15.0% P = 0.016
MCD in % of TSTcontrol 13.5 § 10.6%*
AH Response amplitude [mV] 1.69 § 0.96 4.81 § 1.97 P = 0.001
CoeYcient of Variation [%] 22.1 § 10.1% 18.5 § 9.6% NS
MCD in % of response amplitude [%] 27.5 § 13.7% 20.1 § 10.7% NS
Variation in % of TSTcontrol 8.4 § 3.7%*123
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appeared to be more critical in inXuencing the response
size. Moreover, brainstem stimuli usually induced rather
strong contractions of head and neck muscles, disturbing
the positioning of the stimulation coil. Hence, variability of
brainstem-MEP and brainstem-TST may have been inXu-
enced by coil movements, even though we did our best to
keep the stimulation geometry constant between the stim-
uli.
One conceivable source of response variability of
MEPs (but not of TST responses) is the possibility of vary-
ing amounts of repMNDs in response to consecutive trans-
cranial stimuli. RepMNDs occur often after single-shock
TMS (Berardelli et al. 1991; Magistris et al. 1998; Naka
et al. 2000; Z’Graggen et al. 2005). They may inXuence
the size of an MEP, but not that of the TST response,
because repetitive discharges escape the collisions
involved in the TST procedure (Magistris et al. 1998; Büh-
ler et al. 2001; Z’Graggen et al. 2005). Thus, if varying
amounts of repMNDs occurred in the present experiments,
they might have increased MEP variability, but not TST
variability. RepMNDs are an indirect consequence of the
nature of the descending corticospinal volley after TMS,
which contains a succession of excitatory waves (termed
D- and I-waves). These converge on the spinal MN (Patton
et al. 1954; Day et al. 1987; Berardelli et al. 1991), eventu-
ally causing it to discharge repetitively (Day et al. 1989).
Using cervical epidural recordings in patients undergoing
spinal surgery, the variability of I-waves was found to be
considerable (Burke et al. 1995) and was held responsible
for at least some of the observed MEP variability (Ellaway
et al. 1998). In the present experiments, an inXuence of
varying amounts of repMNDs on MEP size variability can
be excluded. First, brainstem stimulation does not evoke
multiple descending corticospinal volleys (Ugawa et al.
1994); yet the response variability to brainstem stimuli
was not smaller than with cortical stimuli (Fig. 2; Table 2).
Second, repMNDs have a high threshold, and notable
amounts of repMNDs occur only when some 75–80% of
all MNs are discharging after TMS (yielding a TST ampli-
tude ratio of 75–80%; Z’Graggen et al. 2005). In the pres-
ent study, stimulation intensities were thus not suYcient to
evoke repMNDs. Taken together, the present data are not
compatible with an important inXuence of repMNDs on
MEP response variability. Repetitive discharges might
however have inXuenced the MEP variability results of
Magistris et al. (1998), who stimulated with maximal stim-
ulation intensities yielding TST amplitude ratios near
100%.
Our data give additional insight into the mechanisms
involved in producing the MEP variability. First, the vari-
ability was roughly the same for brainstem and cortical
stimulation. Variability was also similar in a small hand
muscle and a foot muscle (see Tables 1, 2, 3). While small
hand muscles are under the strong inXuence of direct mono-
synaptic corticospinal input, foot muscles are controlled to
a greater extent by spinal reXex mechanisms, yet variability
was similar. Both observations suggest that the main source
of variability was not at the cortical level. Instead, varying
recruitment of spinal MNs by the TMS induced descending
activity is a more likely mechanism. This is supported by
the observation of Woodforth and coworkers (1996). Using
epidural recordings, they showed that the variability of
descending volleys following brain stimulation is smaller
than that of the MEP in a leg muscle, suggesting a mecha-
nism distal to the cervical recording site. Our conclusion
diVers from that of other authors. Kiers et al. (1993) were
able to compare the variability of the H-reXex with that of a
comparatively sized MEP in the thenar muscle of one sub-
ject and found less trial-to-trial variability of the H-reXex.
Since the H-reXex is generally thought to reXect spinal MN
excitability, they concluded that the source of MEP vari-
ability had to be supraspinal. It is a general observation that
H-reXex variability is less than the variability observed here
for MEPs and TST responses (Schieppati et al. 1990; Jan-
kus et al. 1994). However, it is not certain that the MN pool
aVected by the muscle spindle primary aVerents involved in
the H-reXex is the same as that targeted by TMS. Summa-
rized, while our data do not rule out some degree of cortico-
spinal variability to play a role in certain situations, they are
well compatible with an important spinal segmental source
of MEP size variability.
While other studies quantiWed the relative variability of
responses to TMS, this study is the Wrst that gives an esti-
mate of the proportion of the MN pool that may or may not
respond to TMS. This was possible by using the TST,
which—in contrast to MEPs—allows a quantiWcation of
the MNs responding to the brain stimulus (Magistris et al.
1998). Our data suggest that the trial-to-trial variability
concerned well over 10–15% of the entire MN pool of the
target muscles (see Tables 1, 2, 3). These “fringe” MNs
are very close to the Wring threshold, such that small Xuc-
tuations in their membrane threshold may or may not
suYce to lead them to respond to the corticospinal volley
induced by the TMS. Remarkably, this proportion
appeared rather uniform in all stimulation paradigms
including those with or without facilitation by muscular
background contraction and stimulations using diVerent
intensities. It is tempting to speculate about the cause of
the Xuctuation of the threshold of spinal MNs leading
them to respond unpredictably to TMS. The present study
gives no hint as to this cause. It is possible that small
diVerences in arousal or mental activity may be suYcient
to inXuence MNs close to threshold, as hypothesized pre-
viously by others (Rossini et al. 1991; Ellaway et al.
1998), and by us (Rösler et al. 1999).123
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